Investigating traditional ecological knowledge (TEK) by the scientific approach is a useful way to develop sustainable rangeland management. Numerous trials have been done on plant species compositions and biomass, but little testing has been done on the TEK of plant productivity and nutrient values, which are important for proper rangeland management. In this study, we tested the TEK of pastoralists living in Bulgan, northern Mongolia, regarding plant productivity and nutrient values. We examined biomass, growth form, plant productivity, and crude protein amounts along grazing gradients. The results showed that biomass declined and the number of erect-form plants decreased as grazing intensity increased, although plant productivity and crude protein amounts did not differ along the grazing gradient. This indicates that the pastoralists' evaluation of pastures dominated by narrow plants (Mongolian: nariin ovs) accurately reflects the productivity of the land, suggesting that their evaluation is reasonable in terms of the carrying capacity. This assessment of the ecological status of Mongolian rangelands provides a foundation for ecologically sound and culturally appropriate rangeland management.
Introduction
Mongolia is covered by grasslands that have been used to support nomadic life for centuries. During the Soviet era, pasture use was managed, while seasonal mobility was enforced and facilitated by large herd-owning institutions (Fernandez-Gimenez 2002) . The collectives regulated and supported the seasonal movement of pastoralists through subsidized transportation, auxiliary labour, and water developments. After the collapse of the Soviet Union, the livestock population increased as Mongolia transitioned to a free-market economy and private livestock ownership was permitted beginning in the early 1990s (Humphrey and Sneath 1999) . Once the collectives were dismantled, there was no longer a formal regulatory institution to govern pasture use (Fernandez-Gimenez 2000) . The increase in the number of livestock and the decrease in support for seasonal movement have resulted in rangeland degradation, particularly around villages and towns (e.g. Okayasu et al. 2007 ), where there is easy access to the market. Kakinuma et al. (2008) reported that local pastoralists in the north-central part of Mongolia perceive heavily grazed areas as good pasture for grazing. Previous studies have shown that the prevalence of small graminoids increases as grazing intensity is intensified in mountain-steppe or forest-steppe regions (e.g. Fernandez-Gimenez and Allen-Diaz 2001; Kakinuma et al. 2008) . Local pastoralists in the north-central region call these graminoids nariin ovs, meaning 'narrow plants' , and perceive them as good forage for sheep and goats. They consider heavily grazed places as suitable for additional grazing because of the dominance of narrow plants ) and do not seem to perceive such heavy grazing as negative.
The importance of traditional ecological knowledge (TEK) in rangeland management is widely recognized (Berkes et al. 2000) , and many studies have tried to validate TEK by scientific methods (e.g. Milton et al. 1998; Fernandez-Gimenez 2000; Oba and Kaitira 2006; Reed et al. 2008) . Disagreements are sometimes found between TEK and scientific knowledge. For example, one study showed that perennial grasses decreased while shrubs increased according to grazing pressure, which was regarded as 'degradation' by scientists. However, local pastoralists evaluated this as positive because they knew that cattle preferably fed on the shrubs (Katjiua and Ward 2007) . This suggests that for the effective management of grazing lands, it is necessary and important to reach compromise on such disagreements between local people and scientists (Fernandez-Gimenez 2000; Briske et al. 2008) . Such disagreements seem to result from the fact that grasslands were evaluated based on only structural aspects, such as species compositions or biomass (e.g. Milton et al. 1998; Fernandez-Gimenez 2000; Oba and Kaitira 2006; Reed et al. 2008) , while plant productivity and nutritional values were not sufficiently evaluated.
In this study, we examined the compositions, productivity, and nutritional values of plant communities along a grazing gradient in order to test the pastoralists' TEK of grazing lands by the scientific approach. We studied plant communities along a grazing gradient and compared the following characteristics: (1) compositions of the plant communities according to growth form (Gimingham 1951) ; (2) productivity of these plant communities, which was measured by using the movable-cage method; and (3) protein content of the plants, because protein is important for livestock nutrition (Riney 1982) .
Material and methods

Study area
The study area is located near Bulgan province (48°57 0 N, 103°21 0 E) in the north-central part of Mongolia. We choose Bulgan province as the study area because the impact of grazing on vegetation is clearly visible (due to relatively high and stable rainfall) and because the population of livestock had recently increased (Figure 1) . Therefore, the risk of land degradation is relatively high in Bulgan province. The number of households and livestock decreased during the period 2009 to 2010 due to a winter disaster (a dzud in Mongolian). However, the dzud occurred after data collection in the present study.
The mean annual temperature in the study area is -1.0°C, and the range of mean monthly temperatures from 1961 to 2008 was -20.3°C to 16.4°C (Institute of Meteorology and Hydrology of Mongolia). The mean annual precipitation from 1961 to 2008 was 328.2 mm (Table 1 ). In 2008, the year this study was conducted, the annual precipitation was 310.3 mm (Table 1) . Monthly, growing-season, and annual rainfall during the study period are also shown in Table 1 . The coefficient of variation (CV) of the annual precipitation is 21.3%. According to Ellis (1995) , in regions where the annual precipitation is less than 250 mm and the CV exceeds 33%, precipitation is variable and the vegetation dynamics is strongly affected by precipitation. Therefore, we regarded Bulgan as having relatively stable precipitation and rainfall variability as having little impact on the vegetation dynamics.
The vegetation is of the forest-steppe type (Hilbig 1995) . Vegetation in the region is dominated by the grasses Festuca rubra and Poa attenuata, the sedge Carex duriuscula, and the forbs Galium verum and Artemisia frigida. The main livestock include sheep, goats, cattle, and horses. The pastoralists of Bulgan tend to stay in the valleys during summer, and they stay in the foothills during winter in order to avoid cold winds (Morinaga et al. 2008) . The pastoralists move their herds only two or three times a year and at distances usually less than 3 km, which is less frequent and a shorter distance than in arid areas (Humphrey and Sneath 1999) . The grasslands of the forest-steppe zone are productive and the yearly variations in productivity are small, which permits such infrequent and short-distance movements. In contrast, in arid areas, long-distance movement is necessary because of the high frequency of drought (Humphrey and Sneath 1999) .
Grazing intensity
The grazing gradient, or piosphere, approach (Andrew 1988 ) assumes that grazing intensity declines with increasing distance from a fixed water point. Our sampling sites were located along a grazing gradient, as has been done in other semiarid rangeland ecosystems (e.g. (Figure 2 ). We selected the 3.0-km site as the farthest point because there were few livestock dung droppings at this point, suggesting little use by livestock and consequently low grazing effects. We then set the sites evenly at intervals of 0.6 km. We chose to set the grazing gradients and replicate the sites within the same general landscape type, rather than setting them in different directions from the water source and introducing additional variability.
Vegetation sampling
We designated ten 1 m × 1 m quadrat plots at each of the 15 sites (Figure 2 ). The sampling period was from 1 July to 28 July 2008. In each quadrat, we estimated the coverage (%) of each plant species and noted its growth form. Grazing effects were partly evaluated by changes along the gradient in the prevalence of four growth forms (Gimingham 1951) : tussock, branched, erect, and rosette. Typical narrow plants, including C. duriuscula, F. rubra, Koeleria macrantha, and Cleistogenes squarrosa, are regarded as good forages by local pastoralists , and they have a tussock growth form. After estimating coverage, we clipped off all the aboveground parts of the plants in each plot, air-dried the samples for two weeks, and weighed them to the nearest 0.1 g to obtain a measurement of standing biomass. The aboveground productivity during one month in summer was measured by using the movable-cage method (e.g. McNaughton et al. 1996) . On 8 July 2008, we placed five grazing-proof cages at each of the three 0.6-km sites (heavy grazing) and five grazingproof cages at each of the three 3.0-km sites (light grazing), after clipping off the vegetation at ground level. The cage size was 1 m × 1 m × 0.5 m (height). To obtain the baseline level for the productivity measurements (G7), all of the aboveground vegetation from five 1 m × 1 m plots at each of the 0.6-and 3.0-km sites was sampled on 8 July 2008 and weighed, as described above; these plots were then left unprotected. All the plants inside the cages (ungrazed) and in 1 m × 1 m unprotected (grazed) plots at each site were clipped off at ground level after 31 days (8 August 2008), air-dried for two weeks, and weighed. The removal of vegetation by grazing in August (R8) was calculated as follows: R8 = U8 -G8, where U8 and G8 are the ungrazed and grazed biomass in month 8 (August), respectively. Productivity in August (P8) was calculated as follows: P8 = U8 -G7.
We determined the amount of crude protein (CP) in each sample based on its nitrogen content (% of total dry weight). The plants in each sample were mixed, dried, and milled. The nitrogen concentration was determined by the Kjeldahl procedure in which forage samples were digested with sulfuric acid and catalysts (mixture of copper sulphate and potassium sulphate). CP concentration was calculated by multiplying total nitrogen concentration (% of total dry weight) by 6.25. The total amount of CP in each plot was calculated by multiplying CP content (%) by biomass (g/m 2 ).
Data analysis
Because the data were not normally distributed, the coverage by each growth form was compared among the five distances from the water point with the Kruskal-Wallis test.
Coverage by nariin ovs (narrow plants) was compared among the five distances from the water point with the Kruskal-Wallis test because the data were not normally distributed. When the Kruskal-Wallis test revealed differences in coverage of nariin ovs along the gradient, we used the Bonferroni multiple comparison test to detect which sites had differences. Standing biomass was compared among the five distances from the water point with the Kruskal-Wallis test because the data were not normally distributed. Likewise, when the test revealed differences, the Bonferroni multiple comparison test was used to detect which sites had differences. The productivity and vegetation removal by livestock were compared between the 0.6-and 3.0-km distances by the Wilcoxon signed-rank test, with the significance level set at P = 0.05. Analysis of variance (ANOVA) was used to compare the CP amounts (g/m 2 ) among the five distances.
Results
The coverage by plants with the erect and branched forms decreased significantly (P < 0.05) as the distance between the plots and the water point decreased (i.e. as grazing intensity increased; Figure 3 ; Table 2 ). Species with the erect form included perennial forbs such as Bupleurum bicaule and G. verum, and species with the branched form included perennial forbs such as Leontopodium leontopodioides and A. frigida. The overall coverage by plants with the rosette and tussock forms did not change as the distance from the water point decreased, though the coverage of certain species with these forms did change significantly ( Figure 3 ; Table 2 ). Species with the rosette form included perennial forbs such as Potentilla acaulis, and species with the tussock form included perennial grasses such as Stipa krylovii and P. attenuata. The coverage by nariin ovs, including C. duriuscula, F. rubra, K. macrantha, and C. squarrosa, tended to increase as the distance between the plots and the water point decreased ( Figure 4 ; Table 2 ). The result of the Bonferroni multiple comparison showed that the coverage of nariin ovs at the 0.6-, 1.2-, and 1.8-km sites was significantly greater than the coverage at the 2.4-and 3.0-km sites (P < 0.05). In summary, lightly grazed sites contained abundant growth of tall forbs including B. bicaule and G. verum, as well as tall grasses such as S. krylovii. Such rich forb communities were replaced by short swards dominated by nariin ovs, including C. duriuscula, F. rubra, K. macrantha, and C. squarrosa, as grazing intensity increased (Figures 3 and  4 ; Table 2 ).
The standing biomass significantly decreased as the distance to the water point decreased ( Figure 5 ; Table 2 ). The result of the Bonferroni multiple comparison showed that the plant biomass at the 0.6-and 1.2-km sites was significantly smaller than that at the 2.4-and 3.0-km sites (P < 0.05). Biomass removal by livestock at the 0.6-km site was significantly greater than that at the 3.0-km site ( Figure 6 ; Table 3 ). In contrast, productivity did not differ significantly between the two sites ( Figure 6 ; Table 3 ).
CP amounts per plot did not differ significantly among the five distances ( Figure 7 ; Table 3 ).
Discussion
According to Kakinuma et al. (2008) , the pastoralists in northern Mongolia judge that pastures dominated by nariin ovs (narrow plants) are good for grazing livestock. We tested the accuracy of this evaluation from the standpoint of plant ecology. As grazing intensity increased, communities dominated by branched and erect growth forms were replaced by short swards dominated by narrow plants (Figures 3 and 4 ; Table 2 ). These vegetation responses to grazing intensity were consistent with those reported by Fernandez-Gimenez et al. (2001), who carried out similar research in a mountainsteppe region of Mongolia. Although the floristic composition changed and the standing biomass decreased as grazing intensity increased ( Figure 5 ; Table 2), the plant productivity and CP amount were maintained (Figures 6 and 7 ; Table 3 ). These findings suggest high productivity and high protein concentrations in the plant body of low-growing graminoids (i.e. narrow plants). There seem to be two reasons for this. First, low-growing graminoids have the ability to compensate for the loss of biomass and are often able to tolerate grazing (McNaughton 1979) . They can regrow better after grazing than plants with other growth forms because these species have shoot apices at the ground level and can tiller. Second, it is expected that much faeces would be deposited in places with high-density populations of livestock. This may have fertilizing effects, as was shown in eastern Botswana, where increased livestock density increased the nitrogen and other nutrients not only in the soil but also in the plant body because of the increased deposition of dung and urine (Tolsma et al. 1987) . A similar phenomenon was observed in a very different ecosystem: in a marsh in Hudson Bay, Canada, Puccinellia phryganodes, a short- It is plausible that local pastoralists empirically know that heavily grazed narrow plants recover quickly and regard such low-growing graminoids as good plants for livestock grazing. Given the levels of livestock grazing that the pastoralists are accustomed to, our data indicate that the pastoralists' evaluation is reasonable in terms of livestock carrying capacity. The results of the present study should be applicable to other areas of the forest-steppe zone. However, because the precipitation variability, vegetation dynamics, and pastoralist mobility patterns in the steppe and desert-steppe are different from those in the forest-steppe, further studies are needed in order to apply these results to the steppe and desert-steppe.
Previous studies pointed out the different evaluations of rangeland conditions between researchers and pastoralists. The pastoralists' evaluation of rangeland conditions did not correspond with a grazing gradient, and they did not perceive as negative the simple species compositions and small biomass of grasslands under high grazing pressure, both of which are considered by researchers to be negative traits. In contrast, the present study showed that the plant productivity and nutritional values corresponded well with the TEK of the local people. This suggests that, when attempting to understand TEK, it is not sufficient to evaluate only the structural aspects of grasslands. Instead, researchers must also consider functional aspects, such as productivity and nutritional values. Evaluating TEK based on diversified criteria and the exchange of information between pastoralists and scientists should improve understanding and provide suggestions for future sustainable rangeland management (Briske et al. 2008 , Reed et al. 2008 . 
Conclusions
Our results support the knowledge of local pastoralists that narrow plants (low-growing graminoids) are productive and nutritious. However, it remains unclear whether the low-growing plant community can maintain its productivity for a long period and whether pastoralists consider future rangeland use when making current grazing decisions. Although McNaughton (1979) suggested that moderate grazing stimulates plant compensation for biomass loss as long as grazing is not too heavy, several studies reported no overcompensation when grazing intensity exceeded the plant growth rate (Leriche et al. 2003; Patton et al. 2007 ). For example, in a mixed-grass prairie of North Dakota grazed by livestock and wildlife, grass production was maintained under moderate grazing treatments, but decreased under heavy grazing treatments (Patton et al. 2007) . In order to maintain the plant productivity at our study sites, future studies will be needed to identify the point along the grazing gradient where plant productivity is reduced. Through collaborative research, local knowledge and research-based ecological knowledge can be exchanged (Briske et al. 2008) , with the aim of identifying and resolving the conflicting perceptions of ecological conditions often held by pastoralists and researchers (Fernandez-Gimenez 2000) . Further assessments of the ecological status of Mongolian rangelands should provide a foundation for ecologically sound and culturally appropriate rangeland management.
